Introduction
Interest has been shown in the separation of metal ions by an extraction or adsorption method that used a solid or a liquid surfactant as the extraction or adsorption medium. [1] [2] [3] [4] For the method using the surfactant, the cloud point phenomenon has been commonly used in separation studies for the extraction, purification and preconcentration of metals. It is based on the behavior of non-ionic surfactant aqueous solutions that exhibit a phase separation when the temperature is increased. 5, 6 On the other hand, a micellar solution of ionic surfactants shows a phase separation by cooling the solutions below the Krafft point temperature or by the addition of a salt as a salting-out agent. Most of the separated surfactant phase is a charged solid that is gel-like and has the ability to bind an oppositely charged solute. 7 In this case, an electrostatic force is the operative phenomenon and a hydrophobic domain is not always necessary. In order to remove metal ions from water, researchers use the formation of stable ionic complexes to obtain a high efficiency and selectivity. We previously reported the direct extraction and/or adsorption of a metal ammine-complex into an anionic surfactant gel of sodium dodecylsulfate and those of this process for the separation of metals of copper(II) and zinc(II). 8, 9 Recently, there has been a general concern for decreasing the discharge or disposal of effluents containing hazardous heavy metals. Such effluents often contain valuable metals; thus, there is an economic interest in their recovery for recycling. A variety of disposed industrial products containing small amounts of precious metals are first leached in aqua regia, followed by the classical chemical separation methods using liquid-liquid extraction, ion-exchange or precipitation. [10] [11] [12] [13] [14] The palladium and platinum metals are used as catalysts, electronic devices and ornamental metals. The recovery process for these metals produces wastewater solutions which contain extremely large amounts of various base metals, ammonium salts, and sodium salts. Most of the separation methods [15] [16] [17] have involved platinum(IV) and palladium(II) because platinum(IV) is more stable than platinum(II). In the presence of reducing agents, some of the platinum was reduced from tetravalent to bivalent ions. The purpose of this study is their removal from base metals, and the simultaneous separation of platinum with valences of (II) and (IV) from palladium(II).
Experimental

Reagents and solutions
The 1.00 × 10 -2 mol dm -3 stock solutions of palladium(II) and platinum(II) 11, 18 were separately prepared by dissolving weighed amounts of palladium(II) chloride (Kanto Chemicals, Tokyo) or potassium tetrachloroplatinate(II) (Kanto Chemicals) in 4 cm 3 of concentrated hydrochloric acid and then diluting to 100 cm 3 with deionized water. The platinum(IV) stock solution was prepared by dissolving 1.00 g of platinum wire (Mitsuwa Pure Chemicals, Osaka) in 10 cm 3 of aqua regia, and then evaporating to dryness. The residue was dissolved in 4 cm 3 of concentrated hydrochloric acid and diluted to 100 cm 3 with deionized water. The cationic surfactants of 0.25 mol dm A micellar solution of cetylpyridinium chloride (CPC) can separate into two phases due to a temperature change or to the addition of salts. Platinum(II), (IV) and palladium(II) reacted with chloride ions to form stable anionic complexes of PtCl4 2-, PtCl6 2-and PdCl4 2-, respectively, and were adsorbed onto the CPC gel phase. The CPC phase plays the role of an ion-exchange adsorbent for the anionic complexes. By such a procedure, the precious metals of platinum and palladium could be separated from base metals such as copper, zinc and iron. The kinetic separation was performed by a ligand exchange reaction of the palladium(II) chloro-complex with EDTA at 60˚C. The anionic palladium(II)-EDTA complex could not bind the opposite charged CP + and was desorbed from the CPC phase. In the aqueous phase, the recovery of palladium(II) by the double-desorption was 101.1 ± 1.2%. The platinum(II) and (IV) chloro-complexes were stable for at least 30 min and remained in the CPC phase. ethylenediaminetetraacetic acid, disodium salt (Wako Pure Chemicals, Tokyo), in 100 cm 3 of deionized water. All other chemicals were of analytical grade and were dissolved in deionized water.
Apparatus
The absorbance measurement was performed using a Shimadzu UV-265 spectrophotometer with quartz cells of 1.0 cm path length. The metal concentration was determined using a Varian Liberty Series II inductively coupled plasma atomic emission spectrometer (ICP-AES). All the pH measurements were performed using a Horiba F-11 pH meter in combination with a glass electrode. Heating of the solutions was done using a Buchi B-490 thermostatic bath and a Branson 2510J-gth Ultrasonic Cleaner. A Hitachi Himac CF7D2 centrifuge was used for the phase separation.
Procedure
Adsorption of palladium and platinum as chloro-complexes onto the CPC gel. A solution containing platinum(II) and (IV) and palladium(II) was transferred to a 10-cm 3 centrifuge tube with a graduation line. After 1.0 cm 3 of 0.025 mol dm -3 CPC was added, the solution was shaken to form the ion-pair. The 2.5 cm 3 ammonium chloride solution was then added and the mixture was diluted to the marked line with deionized water. After cooling the solution in an ice-water bath and centrifuging (5000 rpm, 20 min, 0˚C), the aqueous and CPC phases were separated.
Separation of palladium(II) from platinum(II) and (IV) with
EDTA by the desorption. After the removal of the aqueous phase, 1.0 cm 3 of the EDTA solution was added to the CPC phase, which was gel-like and located at the bottom of the centrifuge tube. After the addition of 2.5 cm 3 of ammonium chloride, the solution was diluted to 10 cm 3 with deionized water and heated for 20 min at 60˚C. After cooling and centrifuging the solution, we recovered palladium(II) as an EDTA complex into the aqueous phase, while platinum(II) and (IV) remained in the CPC phase as chloro-complexes.
Results and Discussion
Adsorption of metal complex onto the CPC gel
Platinum(II) and palladium(II) form anionic complexes with halide ions and adsorb on the cationic surfactant gel. The effect of pH on the adsorption was studied for the palladium(II) and platinum(II) as the chloro-and bromo-complexes. As seen from Fig. 1 , the platinum(II) chloro-complex was quantitatively adsorbed over the entire pH range studied. On the other hand, the adsorption of the palladium(II) chloro-complex gradually decreased above pH 4. This shows that palladium(II) is less stable than platinum(II) as a chloro-complex. The adsorption of metals was affected by the stability of the complexes, that formed in the aqueous phase. The reported stability constants (log β4) are 13.8, 11.4, 15.4 and 13.5 for Pt II Cl4 2-, Pd II Cl4 2-, Pt II Br4 2-and Pd II Br4 2-in water, respectively. 19 Salting out agents of NaCl, NaBr, NaNO3, KNO3 and NH4Cl were examined at concentrations from 0 to 2.0 mol dm -3 , and the quantitative adsorptions over 0.10 mol dm -3 for these agents were obtained. In order to reduce the matrix effect of the alkali metals on the ICP-AES measurement, we used NH4Cl solutions in the present study. The HCl concentration had no relation between 0 to 1.0 mol dm -3 on the adsorption, because the salting out agent of NH4Cl provided sufficient number of chloride ions. The CPC concentration was examined from 0 to 0.10 mol dm -3 , and the quantitative adsorptions over the 0.10 mmol dm -3 concentrations were obtained.
Most of the base metals, such as nickel(II), have a low ability to form the chloro-complexes. Therefore, such metals existed as cationic metal ions under the present conditions, and were electrostatically eliminated from the CPC phase. As shown in Fig. 2 , a hundred times concentration of nickel(II) was separated from palladium(II) and platinum(II), and the same result was obtained for Fe(III), Fe(II), Zn(II), Mg(II), Al(III) and Cu(II). The separation of platinum(IV) from these base metals could be carried out, because platinum(IV) also formed a stable chloro-complex and was adsorbed onto the CPC gel.
Separation of palladium(II) from platinum(II) and (IV)
The platinum(IV) complex of PtCl6 2-forms an insoluble precipitate with the common inorganic cations, such as potassium and ammonium ions; therefore, the reagent of NH4Cl was used for the separation from the palladium(II) in the industrial method.
14 It has been difficult to separate the complexes of divalent ions, because platinum(II) as well as palladium(II) could not be precipitated using the common cations in water. The separation of palladium(II) and platinum(II) was performed by the addition of EDTA during the desorbing step. The ligandexchange reaction of platinum(II) is very slow in the aqueous solution; 11, 20 therefore, the kinetic separation was examined using palladium(II) as the Pd(II)-EDTA complex.
As shown in Fig. 3 , in the presence of EDTA, the platinum(II) 1148 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 ; NaBr and NaCl, 0.50 mol dm chloro-complex was stable at all the examined temperatures and remained in the CPC phase during the desorbing step. On the other hand, palladium(II) formed the Pd(II)-EDTA complex by the ligand-exchange reaction and was desorbed into the aqueous phase at 60˚C within 3 min. Palladium(II) was completely recovered by the double-desorption; the results of the separation are given in Table 1 . It is difficult to explain the desorption of the anionic EDTA complex from the cationic CPC gel by the traditional ion-exchange model or ion-pair formation of the ordinary liquid-liquid extraction model. Most ionic surfactants have a lamellar structure; that is, they are like a liquid crystal when they are solid. 21 The size and shape of the solute may affect the adsorption onto the surfactant gel phase. The surfactant-based separation processes have a significant potential for the removal and/or recovery of heavy metals from wastewater and in the pretreatment for metal analyses. ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 Table 1 .
